Background b-Adrenoceptor antagonists (b-blockers) have been reported to be effective for regulation of heart rate (HR) and restoring sinus rhythm in postoperative atrial fibrillation and atrial flutter, as well as in the prevention of those arrhythmias after open-heart surgery. Objectives The objectives of this study were to evaluate the dose-dependent effects of landiolol, an ultra-short-acting b 1 -blocker, as well as the effectiveness and safety of the drug in suppressing supraventricular tachyarrhythmias (SVT) in postoperative patients. Methods Landiolol was administered as a four-dose titration regimen (LL, L, M, and H doses) to postoperative patients who developed SVT. The titration sequence began with a 1-min loading infusion at a rate of 0.015 mg/kg/min, followed by a 10-min continuous infusion at 0.005 mg/kg/ min (the LL dose). Infusions at progressively higher doses followed in sequence until 20 % reduction in HR was achieved. The L dose was a 1-min loading infusion at 0.03 mg/kg/min, followed by a 10-min continuous infusion at 0.01 mg/kg/min. The M dose was a 1-min loading infusion at 0.06 mg/kg/min, followed by a 10-min continuous infusion at 0.02 mg/kg/min. The H dose was a 1-min loading infusion at 0.125 mg/kg/min, followed by a 10-min continuous infusion at 0.04 mg/kg/min. The patient was then observed for 30 min to determine the cardiovascular responses to withdrawal of the medication. After completion of this follow-up period, additional maintenance infusion for up to 6 h was permitted if considered necessary by the investigator. Results A total of 108 patients were enrolled in this study. The cumulative improvement rates (percentage of patients obtaining C20 % reduction in HR) were 11.4, 32.4, 63.1, and 87.3 % at the LL, L, M, and H doses, respectively, demonstrating the dose-dependent effectiveness of landiolol. Additional infusion for up to 6 h was conducted in 16 patients. HR was maintained between 95.5 and 116.8 beats/min during the maintenance period (mean 259.8 min). Landiolol was generally well tolerated, although one patient with sick sinus syndrome developed an approximately 5-s cardiac arrest. Conclusions The overall results, including those pertaining to patient safety, demonstrate that landiolol is effective and useful for the treatment of postoperative SVT.
Introduction
Catecholamines play a role in development of postoperative supraventricular tachyarrhythmias (SVT) [1] [2] [3] [4] , which frequently occur after open-heart surgery and resection of esophageal cancer [5] [6] [7] [8] [9] [10] in the early postoperative period [8, 9] . Because persistence of SVT increases cardiac burden and aggravates hemodynamics, it is important to restore patients to a normal heart rate (HR). b-adrenoceptor antagonists (b-blockers) have been reported to be effective for regulation of HR and restoring sinus rhythm in postoperative atrial fibrillation and atrial flutter [11] [12] [13] [14] [15] , as well as in the prevention of those arrhythmias after open-heart surgery [16, 17] . Landiolol is a new, ultra-short-acting, highly selective b 1 -blocker [18] with an elimination halflife of 4 min in human blood [19] ; its effectiveness for treatment of various types of tachyarrhythmias has been confirmed [20] . In Japan, this drug has been approved for emergency treatment of SVT (sinus tachycardia, atrial fibrillation, and atrial flutter) during surgery [21, 22] . This study was performed to investigate the effectiveness and safety of landiolol for treatment of postoperative SVT.
Methods
This study was conducted in accordance with the ethical principles of the Helsinki Declaration and Good Clinical Practice. Written informed consent was obtained from all patients and/or their representatives prior to enrollment in the study, and the study protocol was approved by the Institutional Review Board at each hospital. The study was conducted in Japan between December 1996 and December 1997.
Study Population
The study population consisted of patients between 20 and 80 years old who developed postoperative SVT, including atrial fibrillation, atrial flutter, paroxysmal supraventricular tachycardia, and sinus tachycardia. Patients were enrolled when the cause of SVT (e.g., hypovolemia, abnormal electrolyte levels, pyrexia, or pain) could be identified, but the tachyarrhythmia still remained even after removal of the underlying cause. In addition, patients enrolled in the study met one or both of the following criteria: sinus tachycardia with an HR of more than 120 beats/min and continued for more than 3 min, and SVT with an HR of more than 100 beats/min that continued for more than 1 min. Exclusion criteria included acute myocardial infarction (within 1 month after onset), severe heart failure (New York Heart Association [NYHA] functional classes III and IV), atrioventricular block (grade II or higher), or sick sinus syndrome (SSS). Patients were also excluded if they had been prescribed tri-or tetracyclic psychotropic agents; had a medical history of liver, kidney, heart, or vascular diseases; had a drug allergy; or were pregnant or might become pregnant during the study.
Study Design
The study design is shown in Fig. 1 . The study was designed as a prospective, open-label study, and consisted of a dose-titration treatment period and a follow-up period without any landiolol infusion. After titration trials, a maintenance period of up to 6 h was allowed after completion of the 30-min follow-up period. This maintenance dose was continued when the investigator decided that additional infusion was necessary. Patients were bed-rested prior to and during the study. Landiolol was administered at a loading dose for 1 min, immediately followed by continuous infusion for 10 min using an infusion pump. Intravenous continuous administration was initiated at the LL dose (1-min loading infusion at a rate of 0.015 mg/kg/min, followed by continuous intravenous infusion at 0.005 mg/ kg/min for 10 min). If a reduction of HR C20 % from the baseline was not achieved after the 11-min administration period, then the dose was increased to the L dose (1-min loading infusion at 0.03 mg/kg/min, followed by continuous intravenous infusion at 0.01 mg/kg/min for 10 min). Subsequently, if the target HR was not achieved, the dose was escalated to the M dose (1-min loading infusion at 0.06 mg/kg/min, followed by continuous intravenous infusion at 0.02 mg/kg/min for 10 min), and then to the H dose (1-min loading infusion at 0.125 mg/kg/min, followed by continuous intravenous infusion at 0.04 mg/kg/min for IV intravenous, max maximum 10 min). If the target HR was achieved, the treatment was terminated after the 11-min drug administration period. By contrast, if the target HR was not achieved, even at the H dose, administration was discontinued, and treatment was changed to a different available therapy. From the standpoint of ensuring patient safety, landiolol administration was discontinued when blood pressure decreased by C20 % from the baseline blood pressure and reached a value of B90/60 mmHg, or when HR was reduced to B60 beats/ min. After completion of the study period, the patient was observed for 30 min for follow-up, during which no infusion was performed. The decision to proceed with an additional period of up to 6 h of landiolol administration, or to switch to alternative therapy, was made during the follow-up period, based on the patient's condition.
Maintenance Period of Up to 6 h
After completion of the 30-min follow-up, the patient entered a maintenance period of 6 h or less, based on their condition. During this period, the dose could be changed within a range between 0.005 and 0.04 mg/kg/min in order to maintain an acceptable HR. Administration was discontinued, and treatment was switched to an alternative therapy, under the following circumstances: blood pressure decreased by C20 % from the baseline and reached a value of B90/60 mmHg, or the HR was significantly reduced (B60 beats/min), even when the dose was reduced to 0.005 mg/kg/min; or no effect on HR was observed, even when the dose was increased to 0.04 mg/kg/min.
Concomitant Drugs and Therapies
No patients received intravenous administration of antiarrhythmic agents such as procainamide, disopyramide, mexiletine, lidocaine, propafenone, propranolol, verapamil, or diltiazem, either before or during the study. During landiolol administration, initiation of the following drugs was prohibited: drugs that may affect HR, such as other b-blockers; calcium-channel blockers other than nifedipine, nicardipine, and nilvadipine; antiarrhythmic sympathetic agents (dopamine and dobutamine); and drugs under investigation. However, concomitant administration of these drugs was acceptable if they had been administered by continuous infusion before initiation of landiolol administration. Concomitant administration of digitalis was allowed only when steady state and constant HR were confirmed.
Clinical Measurements
Before the study, the following aspects of patient background were collected: demographic characteristics, anthropometry, site and details of surgery, underlying diseases and complications, past medical history, classification of cardiac function (NYHA), central venous pressure, pulmonary capillary wedge pressure, and course of treatment of SVT. In addition, electrocardiogram (ECG) and laboratory tests were performed. A 12-lead ECG was recorded before the study, unless it was an emergency situation, and at least a two-lead ECG was recorded for a minimum of 10 s during the study period; the RR interval, PQ interval, QRS duration, QT interval, and corrected QT interval (QTc) were measured. Blood pressures (systolic blood pressure [SBP] and diastolic blood pressure [DBP]), HR, and ECG were measured at specified time points before and during the study, during the 30-min follow-up period, during the additional infusion period of up to 6 h, and after completion of the additional infusion period.
Endpoints
When the targeted HR at any dose was achieved, the outcome was designated as 'improved'. Improvement was defined as an HR reduction of more than 20 %. The percentages of patients obtaining the target HR were calculated by the following equation:
Cumulative improvement rate ð%Þ ¼ ðnumber of the patients judged ''improved'' at each dose or lower doses/number of patients analyzed) Â100
Relative improvement rate ð%Þ ¼ ðnumber of patients judged ''improved'' at each dose =number of patients analyzed at each doseÞ Â 100
In this study, the cumulative improvement rate was designated as the primary endpoint in investigating the dose-dependent effectiveness of landiolol in patients with postoperative SVT. By contrast, the relative improvement rate, as well as HR, blood pressure, and ECG, were considered as secondary endpoints. Cardiac functions, including the cardiac output and cardiac index, were also evaluated.
Safety Variables
Subject symptom and objective findings (HR, blood pressure, ECG, laboratory test) were monitored and defined as adverse drug reactions (ADRs) by the site investigators.
Statistical Analysis
Summary statistics (percentages, means, standard deviation, maximum, minimum, etc.) were calculated for the demographic variables and baseline values. The primary endpoint was the cumulative improvement rate by doses, calculated as Kaplan-Meier estimates and 95 % confidence intervals (CI). Among the secondary endpoints were summary statistics for HR calculated at each time point (means and standard deviation); changes relative to the baseline values and the differences between values before and after administration at each dose were subjected to a paired t test. Summary statistics at each time point (mean and standard deviation) were also calculated for blood pressures (SBP and DBP) and ECG parameters (RR interval, PQ interval, QRS duration, QT interval, and QTc); changes relative to these baseline values were also calculated, and the differences between values before and after administration were compared at each dose, using a paired t test. Values of P \ 0.05 were considered statistically significant (two-sided).
Results

Patient Characteristics
In this study, 108 patients from 60 study hospitals were eligible. Among them, 106 underwent landiolol infusion: two patients did not continue to exhibit tachycardia during the run-in period, and were consequently withdrawn from the study. Of the 106 patients treated with landiolol, an additional infusion of up to 6 h was begun in 16 patients, and eight of these patients underwent a complete 6-h infusion. The indications, exclusion criteria, and administration method were inappropriate for one patient, and another patient received another study drug during administration of landiolol; consequently, these two patients were excluded from analyses, including the effectiveness and safety evaluations. Thus, data from 104 patients were used for analysis. Of those patients, 16 were excluded from the effectiveness analysis due to violations of the entry criteria, exclusion criteria, or other criteria. Hence, data from 88 and 104 patients were used for the efficacy and safety analyses, respectively.
The demographic and other standard characteristics of the patients used for the efficacy analysis are shown in Table 1 .
Efficacy
Bradycardic Effects
The criterion for an acceptable bradycardic effect was set at C20 % reduction in HR from the baseline value. At the LL dose, the relative improvement rate was 11.4 % (10 of 88 patients). In 78 patients in whom the bradycardic target was not achieved at the LL dose, an 11-min infusion at the L dose was initiated. Among those 78 patients, two were withdrawn from the study during the infusion at the L dose due to ADRs. The remaining 76 patients completed the 11-min infusion at the L dose, and the relative improvement rate was 23.7 % (18 of 76 patients). The M dose was completed in 55 of 58 patients, and the rate was 45.5 % (25 of 55 patients). The H dose was completed in 29 of 30 patients, and the rate was 65.5 % (19 of 29 patients) . The cumulative improvement rate, which was the primary endpoint for effectiveness, was 11.4 % (95 % CI 4.7-18.0) at the LL dose, 32.4 % (95 % CI 22.5-42.2) at the L dose, 63.1 % (95 % CI 52.7-73.5) at the M dose, and 87.3 % (95 % CI 80.0-94.6) at the H dose, demonstrating the dosedependent effectiveness of landiolol. The relative improvement rate by dose and the cumulative improvement rate are shown in Fig. 2a. 
Heart Rate and Blood Pressure Changes by Dose
Changes in HR (% reduction from the baseline HR) and blood pressure (SBP and DBP) are shown by dose in Table 2 . Among the 88 patients whose data was used in the efficacy analysis, HR data were available for 82 patients, and blood pressure data were available for 80 patients; these data were used in the analysis. HR was reduced by 10.0 % (LL dose) to 20.9 % (H dose) in a dose-dependent manner from a mean baseline HR of 128.4 beats/min, and a significant bradycardic effect relative to the baseline HR was observed at all doses (P = 0.0001 at all doses). The mean differences in SBP were -8.0 mmHg (LL dose) to -12.2 mmHg (H dose), and a significant decrease in SBP relative to the baseline was observed at all doses (P = 0.0001 at all doses). The mean differences in DBP were -2.8 mmHg (LL dose) to -6.6 mmHg (H dose), and a significant decrease in DBP relative to the baseline was observed at all doses (LL dose, P = 0.0008; L dose, P = 0.0002; M dose, P = 0.0001; H dose, P = 0.0024).
Time Course of Changes in Heart Rate and Blood Pressure
Time courses of changes in measured values of HR and blood pressure are shown in Fig. 3 . HR decreased to a mean of 98.0 beats/min at the time of completion of administration, with the decrease occurring in both dosedependent and time-dependent manners. HR then increased with time after completion of administration, reaching 115.2 beats/min 30 min after completion of administration. Both SBP and DBP also increased with time after completion of administration: 30 min after completion, the values were comparable to the respective baseline values. 
ECG Parameters
The RR interval, PQ interval, QRS duration, and QT interval were significantly prolonged (P = 0.0001, 0.0002, 0.0181, and 0.0001, respectively), compared with the baseline parameters. However, no significant prolongation of QTc was observed.
Cardiac Function
The cardiac output (mean ± SD) significantly decreased from 6.2 ± 1.9 L/min before administration to 5.4 ± 1.6 L/min during administration (paired t test: P = 0.0116), and returned to 5.8 ± 1.5 L/min after completion of administration. The cardiac index significantly decreased from 3.7 ± 1.0 L/min/m 2 before administration to 3.1 ± 0.6 L/min/m 2 during administration (paired t test: P = 0.0063), and recovered to a mean of 3.4 ± 0.7 L/min/m 2 after completion of administration. No significant changes were observed in pulmonary capillary pressure or central venous pressure.
Changes in Heart Rate and Blood Pressure during the Maintenance Period of Up to 6 h
Changes in HR and blood pressure during the maintenance period are shown in Fig. 4 . Of the 104 patients analyzed, . 'Cumulative' rate or incidence is a percentage calculated from the number of responders at a given dosage or a lower dosage, divided by the number of patients analyzed. 'Relative' rate or incidence is a percentage calculated from the number of responders at a given dosage, divided by the number of patients analyzed and treated at that dosage. ADRs adverse drug reactions. Refer to fig. 1 for dose and infusion rates 16 underwent an additional infusion of landiolol (beyond the four-dose escalation period), and the duration (mean ± SD) of administration for this maintenance period was 259.8 ± 131.5 min. HR remained at about 100 beats/ min during this period, and increased to a mean of 110.8 beats/min 30 min after completion of administration. The mean dosages used during the maintenance period were 0.0117-0.0184 mg/kg/min; this range corresponds to the L and M doses during the dose-escalation period. SBP was in the range of 112.1-130.0 mmHg, and DBP varied between 54.1 and 70.4 mmHg, during the maintenance period.
Safety
Incidence of Adverse Drug Reactions
The relative incidence of ADRs as determined by subjective symptoms and objective findings was 5.8 % (6 of 103 patients) at the LL dose, 7.8 % (7 of 90 patients) at the L dose, 8.6 % (6 of 70 patients) at the M dose, and 12.5 % (5 of 40 patients) at the H dose. The cumulative incidence of ADRs increased in a dose-dependent manner: 5.8 % at the LL dose, 13.1 % at the L dose, 20.6 % at the M dose, and 30.5 % at the H dose (Fig. 2b) .
Details of Adverse Drug Reactions
Subjective symptoms and objective findings were defined as ADRs, and a total of 27 ADR events were observed: six, eight, eight, and five events at the LL, L, M, and H doses, respectively. Among these events, the most frequently reported ADR was hypotension (blood pressure B90/ 60 mmHg), which occurred in 23 cases (four at the LL dose, seven at the L dose, seven at the M dose, and five at the H dose). The remaining four ADRs were bradycardia and right-bundle branch block at the LL dose, respiratory distress at the L dose, and hypoxemia at the M dose. In terms of severity, 15 of the ADRs were judged to be mild, ten were moderate, and two were severe, with no apparent dose-dependent increase in severity. In the case of bradycardia that developed at the LL dose, an approximately 5-s cardiac arrest occurred in a patient with SSS; this was considered to be a serious adverse event.
Discussion
The importance of b-blockers for treatment of various cardiac diseases has been established. In particular, ultrashort-acting b 1 -selective blockers are very effective for acute-stage coronary vascular disorders and for postoperative SVT [13] , in which involvement of catecholamines through sympathetic nerve excitation has been suggested [1] [2] [3] [4] . Esmolol is the first ultra-short-acting b 1 -selective blocker to be developed, and it is now established as an SVT-treatment drug that is easily regulated, due to its short half-life (about 9 min) [23] . Landiolol, the drug used in this study, is a new b 1 -blocker with an elimination half-life of 3-4 min in human blood [18, 19] . Landiolol exhibits approximately ninefold more b 1 -blocking effect in vivo than esmolol, and about eightfold more heart selectivity in vitro [24] . Consequently, landiolol is expected to be of considerable clinical utility. In this study, administration of landiolol was initiated as a 1-min loading infusion at 0.015 mg/kg/min, followed by a 10-min infusion at 0.005 mg/kg/min (the LL dose). An open-label study was performed using a four-dose titration regimen, in which stepwise increases of the LL dose to the L, M, and H doses were performed until C20 % reduction of HR from the baseline value was achieved, at which time the dose escalation was stopped. The cumulative improvement rate, which is the percentage of patients obtaining the bradycardic target (C20 % reduction of HR) was 11.4 % at the LL dose and increased to 87.3 % at the H dose, demonstrating a dose-dependent effect. In terms of the mean slowing of HR, a significant bradycardic effect relative to the baseline HR was observed at all doses, and HR increased with time after completion of administration. SBP and DBP also significantly decreased at all doses compared with their respective values before administration. HR decreased with an increase in dose, and increased with time after completion of administration. Blood pressure slightly decreased at all doses, but increased with time after completion of administration.
The cumulative incidence of ADRs increased in a dosedependent manner from 5.8 % at the LL dose to 30.5 % at the H dose, but the severity of the ADRs did not increase in a dose-dependent manner. Furthermore, the most frequently reported ADR was hypotension (C20 % reduction in blood pressure from the baseline value and a value B90/60 mmHg), and all cases were rapidly resolved or remitted with or without intervention. Together, these observations confirm that landiolol has no associated safety problems at doses up to the H dose. One serious ADR, bradycardia with cardiac arrest, was reported at the LL dose in a patient with SSS. Because the cardiac conduction system is suppressed by a b-blocker, and symptoms may be aggravated, any treatment with a b-blocker is contraindicated in patients with bradyarrhythmia, including atrioventricular block (II or severe) and SSS. Although the exclusion criteria were established such that patients with SSS would not be enrolled in this study, two patients with SSS were nonetheless enrolled and received landiolol. Hence, pre-treatment examinations and medical interviews are important in order to confirm a patient's diagnosis prior to clinical use of landiolol. No ADRs occurred in the second patient with SSS.
Because landiolol can be optionally administered continuously for a maximum of 6 h, a maintenance period for up to 6 h was used to evaluate maintenance of the target HR; 16 patients underwent this maintenance period. In eight patients, the drug was continuously administered at a dose between those of the LL and H doses for 6 h, and it was possible to maintain the target HR by changing the dose during the period of continuous administration. HR increased in a time-dependent manner after completion of drug administration, reflecting the pharmacological profile of landiolol as an ultra-short-acting b 1 -selective blocker.
Because we did not include a placebo group, this study design could not reveal the natural progress of HR and other parameters measured in this study. Therefore, it would be difficult to obtain a definitive evaluation of this drug from the results of this study. However, because the study was performed in accordance with real clinical practice, these results should be considered as preliminary data for the next round of placebo-controlled studies.
Conclusion
Landiolol exhibited a rapid bradycardic effect in patients with postoperative SVT. This effect was dose-dependent, and HR returned to normal levels within 30 min after completion of administration. Our data suggest that landiolol can be used safely at doses of up to 0.04 mg/kg/min for 10 min, with a loading infusion at 0.125 mg/kg/min for 1 min.
